In mammals, cadmium is widely considered as a non-genotoxic carcinogen acting through a methylation-dependent epigenetic mechanism. Here, the effects of Cd treatment on the DNA methylation patten are examined together with its effect on chromatin reconfiguration in Posidonia oceanica. DNA methylation level and pattern were analysed in actively growing organs, under short-(6 h) and long-(2 d or 4 d) term and low (10 mM) and high (50 mM) doses of Cd, through a Methylation-Sensitive Amplification Polymorphism technique and an immunocytological approach, respectively. The expression of one member of the CHROMOMETHYLASE (CMT) family, a DNA methyltransferase, was also assessed by qRT-PCR. Nuclear chromatin ultrastructure was investigated by transmission electron microscopy. Cd treatment induced a DNA hypermethylation, as well as an up-regulation of CMT, indicating that de novo methylation did indeed occur. Moreover, a high dose of Cd led to a progressive heterochromatinization of interphase nuclei and apoptotic figures were also observed after long-term treatment. The data demonstrate that Cd perturbs the DNA methylation status through the involvement of a specific methyltransferase. Such changes are linked to nuclear chromatin reconfiguration likely to establish a new balance of expressed/repressed chromatin. Overall, the data show an epigenetic basis to the mechanism underlying Cd toxicity in plants.
Introduction
In the Mediterranean coastal ecosystem, the endemic seagrass Posidonia oceanica (L.) Delile plays a relevant role by ensuring primary production, water oxygenation and provides niches for some animals, besides counteracting coastal erosion through its widespread meadows (Ott, 1980; Piazzi et al., 1999; Alcoverro et al., 2001) . There is also considerable evidence that P. oceanica plants are able to absorb and accumulate metals from sediments (Sanchiz et al., 1990; Pergent-Martini, 1998; Maserti et al., 2005) thus influencing metal bioavailability in the marine ecosystem. For this reason, this seagrass is widely considered to be a metal bioindicator species (Maserti et al., 1988; Pergent et al., 1995; Lafabrie et al., 2007) . Cd is one of most widespread heavy metals in both terrestrial and marine environments.
Although not essential for plant growth, in terrestrial plants, Cd is readily absorbed by roots and translocated into aerial organs while, in acquatic plants, it is directly taken up by leaves. In plants, Cd absorption induces complex changes at the genetic, biochemical and physiological levels which ultimately account for its toxicity (Valle and Ulmer, 1972; Sanitz di Toppi and Gabrielli, 1999; Benavides et al., 2005; Weber et al., 2006; Liu et al., 2008) . The most obvious symptom of Cd toxicity is a reduction in plant growth due to an inhibition of photosynthesis, respiration, and nitrogen metabolism, as well as a reduction in water and mineral uptake (Ouzonidou et al., 1997; Perfus-Barbeoch et al., 2000; Shukla et al., 2003; Sobkowiak and Deckert, 2003) .
At the genetic level, in both animals and plants, Cd can induce chromosomal aberrations, abnormalities in
In plants, defence responses are activated when they are infected by pathogens, and subsequently, a notable physiological reaction is the hypersensitive response (HR) that occurs around the foci of pathogen invasion. The HR is associated with the confinement of the pathogen in the infected region, preventing further spread of the pathogen (Heath, 2000) . Generation of reactive oxygen intermediates (ROIs) and nitric oxide (NO) has been suggested as key signals for HR development (Delledonne et al., 1998 (Delledonne et al., , 2001 . The HR, a common feature of gene-for-gene resistance in plants to various pathogens, has also been described as a form of programmed cell death (PCD) (Ryerson and Heath, 1996; Richberg et al., 1998) . Ultrastructural and physiological studies show some common features of PCD in both plants and animals (Gilchrist, 1998) . These include chromatin condensation and nuclear DNA fragmentation, involvement of reactive oxygen species, and participation of caspase-like proteases (Beers and McDowell, 2001; Lam et al., 2001; Hoeberichts and Woltering, 2003; Madeo et al., 2004) .
Programmed cell death, which is a genetically controlled and highly conserved cellular suicide process, is important for devel- Journal Of Experimental Botany, Vol. 63, No. 12, pp. 4571-4584, 2012 doi:10.1093 /jxb/ers140 Advance Access publication 13 June, 2012 opment and adaptation to environmental stresses (Hückelhoven, 2004) . Members of the diverse Bcl-2 family of proteins in animals, characterized by the possession of at least one of four conserved Bcl-2 homology domains (Kroemer, 1997) , have emerged as important regulators of PCD, which act as either activators or suppressors of PCD (Hengartner and Horvitz, 1994; Kroemer, 1997; Fadeel et al., 1999) . Similarly, the main executors of PCD, such as caspases, are conserved in the animal kingdom (Yuan et al., 1993) . Cell death signalling molecules such as ceramides can regulate cell death in both animal and plant cells (Gilchrist, 1998; Hannun and Obeid, 2002; Liang et al., 2003) . Apoptotic regulators, such as those in the CED9/Bcl-2/BAX family of animals, can either induce or suppress cell death in transgenic plants (Lacomme and Santa Cruz, 1999; Mitsuhara et al., 1999; Dickman et al., 2001; Xu et al., 2004) .
Although no BCL2-associated X protein (BAX) homologues have been identified in plant genomes, Xu and Reed (1998) isolated a mammalian gene, BAX inhibitor-1 (BI-1), that can suppress BAX-induced cell death in yeast. Overexpression of BI-1 results in protection against apoptosis induced by certain types of stimuli in mammalian cells, whereas downregulation of BI-1 by an antisense construct promotes apoptosis of some tumour lines (Xu and Reed, 1998) . Subsequently, overexpression of plant BI-1 homologues from Arabidopsis and rice (Kawai et al., 1999) can also suppress the BAX-mediated cell death in yeast. Furthermore, overexpression of AtBI-1 in Arabidopsis suppressed the BAX-mediated cell death in planta (Kawai-Yamada et al., 2001 , 2004 . In addition, relevance of BI-1 gene expression to defence response has recently been addressed in several species. In Arabidopsis, expression of AtBI-1 is rapidly upregulated during wounding or pathogen challenges (Sanchez et al., 2000) . This induction is observed in both compatible and incompatible interactions between the host plant and a bacterial pathogen, Pseudomonas syringae, as well as after the inoculation with a nonpathogenic bacterium (Escherichia coli). Downregulation of BI-1 in cultured rice cells upon challenge with a fungal elicitor from the rice blast pathogen (Magnaporthe grisea) was concomitant with progression of cell death, and conversely, overexpressed rice BI-1 can improve cell survival against this elicitor (Matsumura et al., 2003) . The barley BAX inhibitor-1 gene (BaxI) was induced following inoculation with the powdery mildew fungus Blumeria graminis, both in the compatible and incompatible interactions. Overexpression of barley BI-1 at a single-cell level induces hypersusceptibility and could reverse the plant resistance that is conferred by the loss of MLO, a negative regulator of cell death and defence response in barley (Hückelhoven et al., 2003; Eichmann et al., 2004; Babaeizad et al., 2009) . In hot pepper, the transcription of CaBI-1 was induced in response to high or low temperatures, drought, high salinity, flooding, heavy metal stresses, and abscisic acid (ABA), and transgenic plants displayed markedly improved tolerance to high temperature, water deficit, and high salinity in comparison to the control plants (Isbat et al., 2009) .
Stripe rust (or yellow rust), caused by Puccinia striiformis Westend. f. sp. tritici Eriks. (Pst), is a major disease of wheat (Triticum aestivum L.) worldwide. Wheat-Pst interactions have been shown to follow the 'gene-for-gene' plant-pathogen interactions, which was first described by Flor (1955) for flax and the flax rust fungus, Melampsora lini. Gene-for-gene resistance is a form of plant disease resistance and its one of the most prominent features is the death of infected plant cells within hours after initial contact with a pathogen, a process known as HR (Stakman, 1915) . Although HR cell death is a hallmark of gene-for-gene disease resistance (Dangl et al., 1996; Hammond-Kosack and Jones, 1996) , its molecular basis in wheat resistance to stripe rust has not been well studied.
This study reports the isolation of a BAX inhibitor 1 homologous gene, TaBI-1, from wheat challenged with Pst and presents the results of functional characterization of the gene in disease resistance through suppressing the gene expression in wheat using the barley stripe mosaic virus-induced gene silence (BSMV-VIGS) system and transient overexpression of the gene in tobacco. The data show that the TaBI-1 protein is a cell death regulator involved in wheat resistance to stripe rust.
Materials and methods

Plant materials, inoculation, and treatments
Wheat genotype Suwon 11 (Su11) and Pst pathotypes CYR23 (avirulent on Su11) and CYR31 (virulent on Su11) were the biological materials used in this study. Suwon 11 contains YrSu showing a typical HR when inoculated with CYR23 and is highly susceptible to pathotype CYR31 (Wang et al., 2007) . Plants were grown, inoculated, and maintained following the procedures and conditions described by Kang and Li (1984) . Leaf tissues were harvested at 6, 12, 18, 24, 48, 72, and 120 h post inoculation (hpi) . The time points were selected based on the microscopic study of the incompatible interaction between Su11 and pathotype CYR23 or CYR31 (Wang et al., 2007) . Plants were rated for symptom and sign development 15 days post inoculation (dpi). Control plants corresponding to each time point were brushed with sterile water, referred to as mock inoculation. Samples of the mock-inoculated leaves taken just after water inoculation (near 0 hpi) were treated as the initial control and those from mock-inoculated leaves at each time point served as the control for that time point.
For chemical treatments, 4-week-old seedlings were sprayed with 2 mM salicylic acid (SA), 100 mM methyl jasmonate (MeJA), 100 mM ethepon, or 100 mM ABA in 0.1% (v/v) ethanol. For the mock control, wheat plants were treated with 0.1% (v/v) ethanol. For high salinity treatment, wheat seedlings were removed from soil and their roots were soaked in 200 mM NaCl. For drought stress, the roots of plants removed from soil were soaked in 20% PEG6000. Wounding treatment was applied by cutting wheat leaves with a pair of sterilized clean scissors. Wheat seedlings treated with various chemicals and stress elicitors along with control plants were sampled at 0, 0.5, 2, 6, 12, and 24 h and 0, 1, 3, 6, 12, 24, and 48 hours post treatment (hpt), respectively. All samples were rapidly frozen in liquid nitrogen and stored at -80 °C. Three biological replications were performed on different plants for each time point.
RNA extractions and quantitative real-time PCR analysis
To prepare total RNA samples from wheat organs or seedlings challenged with the stripe rust fungus or abiotic stress conditions, Trizol reagent (Invitrogen, Carlsbad, CA, USA) was used. The quality and integrity of total RNA were determined by running appropriate amount in a formamide denaturing gel, and quantity of total RNA was determined with a NanoDrop-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). The first-strand cDNA was synthesized with 2 µg total RNA using reverse-transcription PCR (RT-PCR, Promega, Madison, WI, USA) with oligo(dT) 18 primer. Primer design and quantitative real-time PCR (qRT-PCR) were conducted as previously described (Wang et al., 2009) . To standardize the data, the amount of target gene transcript was normalized over the constitutive abundance of the wheat elongation factor TaEF-1a (GenBank accession Q03033). All reactions were performed in triplicate, including three non-templates as the negative control. Quantification of gene expression was performed using a 7500 Real-Time PCR system (Applied Biosystems, Foster City, CA, USA). Dissociation curves were generated for each reaction to ensure specific amplification. Threshold values (CT) generated from the ABI PRISM 7500 software tool (Applied Biosystems) were employed to quantify relative gene expression using the comparative 2 -ÄÄCT method (Livak and Schmittgen, 2001) . The biological replications of qRT-PCR analysis were performed separately with the samples from three plants for each time point of each treatment.
Isolation of cDNA sequences PCR was performed with primers TaBI-1_ORF_S and TaBI-1_ORF_AS ( Supplementary Table S1 , available at JXB online) designed based on the WRIC_671 sequence (accession GR305011) from a cDNA library of wheat-Pst interaction using Su11-CYR23 incompatible 24-hpi cDNA sample as a template. PCR amplification was performed with 20 ng cDNA under the following conditions: 94 °C for 3 min; 35 cycles at 94 °C for 50 min, 60 °C for 1 min and 72 °C for 1 min; and 72 °C for 10 min. Then the missing 3' and 5' sequences were obtained by rapid amplification of cDNA ends (RACE) using the primers listed in Supplementary Table S1 with a SMART RACE cDNA amplification kit (Clontech Laboratories). The cDNA sequence of TaBI-1 was determined, with the sequence information being derived from at least three independent plasmid clones.
Sequence analysis, alignment, and domain prediction
The deduced protein sequence from cDNA was analysed as follows: Conserved domains were deduced using NCBI conserved domain searches (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). Transmembrane analysis was performed using TMHMM Server v. 2.0 (http://www.cbs.dtu.dk/services/TMHMM/). Multiple alignments were created using the program ClustalW (Thompson et al., 1994) with minor manual adjustment to optimize the alignment as necessary. Phylogenetic analysis of TaBI-1 and BI-1 members was carried out at the Mega website (http://www.megasoftware.net/). Phylogenetic trees were constructed using full-length amino acid sequences with neighbourjoining, minimum-evolution or parsimony programs (Nei and Kumar, 2000) . The bootstrap values were based on 500 replications. The HsBI-1 protein of Homo sapiens was used as an outgroup for constructing phylogenetic trees.
Detection of TaBI-1 transcripts in wheat tissues
Root, culm, anther, and spikelet samples were collected from wheat plants at flowering stage and were processed for total RNA extraction as described above. The relative transcript levels of TaBI-1 in the four organs were evaluated using qRT-PCR with gene-specific primers (Supplementary Table S1 ).
Plasmid construction
Tobacco (Nicotiana benthamiana) transient expression plasmids pUCTaBI-1 (TaBI-1 driven by the CaMV 35S promoter), pUCBAX (BAX gene driven by the CaMV 35S promoter) and pUCGUS (GUS-Plus gene driven by the CaMV 35S promoter) were constructed as described by Dou et al. (2008) . Plasmid pUCA TaBI-1 was obtained by insertion into XmaI-and KpnI-digested plasmid pUCGUS.
The plasmids utilized in these experiments for gene silencing are based on the constructs described by Holzberg et al. (2002) . The two RNA-derivative clones (RNAã gammab:TaPDSas , RNA gammab:TaBI-1as ) were created using RNA gammab:GFP cDNA as the starting material. A cDNA fragment (120 bp) of wheat phytoene desaturase gene (TaPDS) was obtained by RT-PCR using oligonucleotide primers (Supplementary Table S1 ). This fragment, in an antisense orientation, was used to replace the GFP coding sequence in RNAγ gammab:GFP , resulting in RNAγ gammab:TaPDSas . In a similar manner, two kinds of RNAγ gammab:TaBI-1as were prepared, respectively, using the cDNA fragments derived from the coding sequence and 3' untranslated region with 254 bp in size and from 5' untranslated region and the partial coding sequence with 130 bp in length. To maximize the specificity of gene silencing, stringent efforts were made to choose the fragments that shared lowest nucleotide identities among the gene family for developing their respective RNAγ derivative clones. Furthermore, BLAST search of these two fragments in the GenBank database did not result in any genes of wheat other than the TaBI-1 sequence, showing the specificity of the sequence fragments. Primers for all plasmid constructions were documented in Supplementary Table S1 .
Particle bombardment assay for TaBI-1 expression in tobacco Tobacco plants were grown and maintained throughout the experiments in a greenhouse with an ambient temperature of 25 °C and high light intensity. Plants of age 4-6 weeks were selected for bombardment. Plasmid DNA was isolated using Maxi preparation kits (Qiagen) and concentrated to 5-6 µg/µl in sterile deionized water. For bombardment, 9 mg of tungsten particles were combined with 50 µg of GUS plasmid DNA (pUCGUS) and other treatments using 60 µg empty vector, or 10 µg BAX (pUCBax) and 50 µg empty vector, or 50 µg TaBI-1 (pUCTaBI-1) and 10 µg BAX. M-10 tungsten particles (Bio-Rad) were used in this experiment. The bombardment protocol as described by Dou et al. (2008) was performed using the Bio-Rad He/1000 particle delivery system with a double-barrelled extension attached. After bombardment, the leaves were incubated for 3 d in dark at 28 °C. The leaves were then stained for 16 h at 28 °C using 0.8 mg/ml X-gluc (5-bromo-4-chloro-3-indolyl-β-d-glucuronic acid, cyclohexylammonium salt), 80 mM Na phosphate, pH 7.0, 0.4 mM K 3 Fe(CN) 6 , 0.4 mM K 4 Fe(CN) 6 , 8 mM Na 2 EDTA, 0.8 mg/ml 20% methanol, and 0.06% (v/v) Triton X-100, and then de-stained in 100% methanol. Blue spots were counted using a dissecting microscope.
Firstly, a direct assay was used to quantify suppression of BAXmediated cell death, tobacco leaves were bombarded with a mixture of pUCTaBI-1 (1.7 µg), pUCBax (0.33 µg), and pUCGUS (1.7 µg) in the first barrel and a mixture of empty vector pUC19 (1.7 µg), pUC-GUS (1.7 µg), and pUCBax (0.33 µg) in the second barrel. The ratio of the logarithm of the blue spots formed on leaves bombarded with Bax and TaBI-1 to that with the empty vector and Bax was calculated. In total, 16 pairs of shots were conducted for each comparison, and the results were calculated from the log ratios using the Wilcoxon signed ranks test (SAS software; SAS Institute). To further confirm the results obtained from direct assays, this study also generated indirect assays of the suppression of Bax-induced cell death by TaBI-1. TaBI-1 DNA (pUCTaBI-1, 1.7 µg/shot) was mixed with BAX DNA (pUCBax, 0.33 mg/shot) and GUS DNA (pUCGUS, 1.7 µg/shot) and bombarded into tobacco leaves. The control shot in the second barrel was empty vector (pUC19; 2.0 mg/shot) plus GUS DNA (1.7 mg/shot). For each pair of shots, the logarithm of the ratio of the blue spots with BAX to that with the empty vector control or with Bax and TaBI-1 to that with the empty vector control was calculated. Each assay consisted of eight pairs of shots and was conducted at least twice. The log ratios for these shots were then compared with the log ratios obtained when TaBI-1 DNA was replaced by empty vector DNA, Sixteen pairs of shots were performed for each comparison, and the results were evaluated using the Wilcoxon rank sum test (SAS version 5.1.2600).
BSMV-mediated TaBI-1 gene silencing
Transcripts were prepared from linearized plasmids (i.e. RNAα, RNAγ, and RNAγ derivative clones linearized with MluI, and RNAβ with SpeI) that contained the tripartite BSMV genome using the mMessage mMachine T7 in vitro transcription Kit (Ambion, Austin, TX, USA) following the manufacturer's protocol. These in vitro transcription reactions typically resulted in 1-1.5 µg/µl final concentration of RNA. Plants were infected with BSMV using the protocol as described (Scofield et al., 2005; Wang et al., 2011) . BSMV-infected wheat plants were kept in a growth chamber at 23 ± 2 °C and were checked for virus symptoms at regular intervals. Once photo-bleaching was observed, three independent sets of inoculations were performed, with a total of 72 seedlings inoculated for each of the three BSMV viruses (BSMV: γ, BSMV:TaPDSas, BSMV:TaBI-1as). Twenty-four seedlings were also mock-inoculated with 1× FES buffer (Pogue et al., 1998) devoid of BSMV transcripts. The inoculation was performed on the second leaf of wheat plants at the two-leaf stage and was accomplished by gently rubbing the leaf surface with a gloved finger (Holzberg et al., 2002; Hein et al., 2005; Scofield et al., 2005) . At 9 days after the virus inoculation, the fourth leaves were further inoculated with urediniospores of Pst pathotype CY23 or CYR31. Then the rust-infected plants were kept as previously described (Kang et al., 1984) , and infection types of the fourth leaves were recorded and photographed 15 days after Pst inoculation. The number of uredia was calculated on each leaf sections at 240 hpi. To obtain reliable and stable data, five independent biological replicates were performed with two BSMV constructs from different regions of the TaBI-1 sequence.
qRT-PCR and histological analyses of silenced plants inoculated with Pst
The fourth leaves were sampled at 0, 18, and 48 hpi and the samples were used for qRT-PCR and histological analyses. From the samples, the relative transcript levels of TaBI-1, pathogenesis-related (PR) protein genes (PR1, AAK60565; PR2, DQ090946; PR5, FG618781), reactive oxygen species (ROS)-related genes (catalase, TaCAT, X94352; peroxidase, TaPOD, TC303653; NADH-oxidase, TaOXI, TC340651), and secondary metabolite genes (lipoxygenase, TaLOX, TC292446; chalcone synthase, TaCHS, TC283305; phenylalanine ammonia lyase, TaPAL, TC294834) were assessed using qRT-PCR as described above. Samples from the mock-inoculated, BSMV: γ-, BSMV:TaPDSas-, and BSMV:TaBI-1as-infected wheat leaves were also taken at 0, 18, and 48 h after inoculation with CYR23 for using as controls for the histological and qRT-PCR studies.
To determine changes in wheat plants with TaBI-1 knocked down and challenged with Pst, the phenotype, fungal development, and host response were examined with a microscope. Wheat leaves infected with BSMV were sampled at 0, 18, and 48 hpi of Pst. The staining and fixation of specimens were done using the methods described by Wang et al. (2007) . For microscopic examination, cleaned leaf segments were mounted on glass slides in the microscopy solution and viewed under differential interference contrast (DIC) optics for infection sites and infection hyphae. Infected mesophyll cells was examined for measuring necrotic cell areas using a fluorescence microscopy (excitation filter 485 nm, dichromic mirror 510 nm, barrier filter 520 nm). All microscopic examinations were done with a BX-51 microscope (Olympus Corporation, Japan). For each treatment, five leaf segments were randomly selected and 50 infection sites on each segment were examined. Only infection sites where Pst appressoria had formed over stomata were considered as successful penetration and then examined to determine the proportion of sites, where substomatal vesicles, infection hyphae, and haustorium mother cells occurred. Following the classification of Parlevliet and Kievit (1986) , all nonpenetrating appressoria and aborted substomatal vesicles were considered as aborted penetration attempts. The percentage of infection sites displaying host cell necrosis was recorded. The necrotic leaf areas were measured at ×200 with a calibrated eyepiece micrometer and corresponding areas (µm 2 ) were calculated according to the formula π × length × width/4.
Data analysis
Analysis of variance (ANOVA) and Tukey's test were performed using SAS version 5.1.2600.
Results
Comparative analyses of the deduced amino acid sequences of TaBI-1
A 758-bp fragment of partial TaBI-1 cDNA was amplified with the primers TaBI-1_ORF_S and TaBI-1_ORF_AS. Then 209bp 5'-RACE and 366-bp 3'-RACE products were amplified and sequenced to obtain the upstream and downstream sequences of the partial TaBI-1 cDNA clone. They were assembled to generate a 1095-bp full-length TaBI-1 cDNA sequence. The deduced TaBI-1 protein consisted of 247 amino acids and had more than 88.9% identity with the proteins in monocots, of which, TaBI-1 shared the highest identity with barley HvBI-1 (97.6%). In contrast, TaBI-1 had only 66.7% identity to AtDAD1 in A. thaliana and 37% to HsBI-1 in H. sapiens. The protein conserved domain analysis indicated that the primary structure of TaBI-1 was composed of seven transmembrane regions (36-58, 62-81, 88-110, 115-137, 144-163, 173-190, and 211-230) , and a Bax inhibitor domain. Alignment of the TaBI-1 amino acid sequence with BI-1 proteins from several other species showed considerable similarity (Fig. 1A) . The phylogenetic analysis using the full-length amino acid sequences revealed that TaBI-1 and HvBI-1 were mostly closely related (Fig. 1B) .
Expression of TaBI-1 in various wheat tissues
To determine the importance and possible role of TaBI-1, this study examined TaBI-1 expression in various wheat plant tissues. In the qRT-PCR experiments with the specific primers, transcripts of TaBI-1 were detectable in all tested wheat tissues: roots, culms, leaves, anthers, and spikelet ( Fig. 2A) . The expression of TaBI-1 was the highest in leaves, moderate in culms and roots, and the lowest in anthers and spikelet.
Transcriptional responses of TaBI-1 to Pst, hormone elicitors, and abiotic stresses
When Su11 seedlings were inoculated with Pst pathotype CYR23 (incompatible interaction), the TaBI-1 transcript level was suppressed after inoculation and reached the lowest at 24 hpi; then increased and reached to the initial expression level (near 0 hpi) at 72 hpi and more than 2-fold of the initial level by 120 hpi (Fig. 2B) . In contrast, when Su11 was inoculated with pathotype CYR31 (compatible interaction), the accumulation of the TaBI-1 transcripts was upregulated and peaked at 18 hpi, then reduced to the initial level at 48 hpi, and increased again at 72 and 120 hpi (Fig. 2B) .
For abiotic stresses, wheat seedlings were treated with polyethylene glycol 6000 (PEG6000, causing water deficit stress), NaCl (causing osmotic stress), and wounding. The TaBI-1 transcript levels were significantly upregulated in the NaCl and PEG6000 treatments (Fig. 3A) . No significant changes were detected in the TaBI-1 transcriptional accumulation by wounding (Fig. 3A ).
This study also tested whether the expressions of TaBI-1 were regulated by exogenous applications of SA, ET, JA, and ABA in wheat leaves. As showed in Fig. 3B , the transcription levels of TaBI-1 were upregulated at different degrees in all elicitor treatments. However, the ET treatment elicited the significant induction of the TaBI-1 expression immediately followed the treatment (0.5 hpi), suggesting that TaBI-1 may function in the ET-dependent defence signal pathway.
Involvement of TaBI-1 in suppressing cell death
To determine whether TaBI-1 could block PCD induced by the pro-apoptotic protein BAX, this study used a particle bombardment assay that introduces DNA-encoding β-glucuronidase (GUS) into tobacco leaf cells as described by Dou et al. (2008) . As GUS is expressed only in living cells, fewer GUS spots indicates more cell death. To test the effect on the number of blue spots formed on tobacco leaves, co-bombardment with the TaBI-1and GUS vectors or the Bax and GUS vectors was conducted, respectively. As shown in Fig. 4A and Table 1 , TaBI-1 had no effect on the transformation efficiency or transient expression of the GUS gene. Similar to earlier publications (Qutob et al., 2002) , the number of GUS blue spots was reduced by about 19.3%, compared with that of GUS plus empty vector, when Bax and GUS expressed in tobacco leaves (Fig. 4B, Table 1 ). To characterize the role of TaBI-1 in BAX-mediated PCD progress in tobacco, TaBI-1 was co-bombarded with the Bax and GUS vectors in the half of tobacco leaf, over 2-fold more blue spots were observed on tobacco leaves ( Fig. 4C ; Table 1 ) than those only bombarded with the Bax and GUS vectors in the other half of the same tobacco leaf, indicating that presence of TaBI-1 could rescue the cell death triggered by BAX. To further confirm this result, this study generated an indirect comparison, as previously described (Dou et al., 2008) , TaBI-1 was co-expressed with Bax in tobacco leaf. Compared with the expression of Bax, the number of survived GUS-positive blue patches significantly (A) Samples were taken from roots, culms, leaves, anthers, and spikelet. (B) Leaf tissues were sampled for both inoculated and mock-inoculated plants at 12, 18, 24, 48, 72 , and 120 hpi, as well as mock-inoculated near 0 hpi. Three independent biological replications were performed. Relative gene quantification was calculated by the comparative Δ Δ CT method and gene-specific oligonucleotide primers ( Supplementary Table S1 ). Data were normalized to the expression level of the wheat elongation factor TaEF-1a (GenBank accession Q03033). The mean expression values were calculated from three replications. Error bars represent standard deviation.
increased. The indirect ratio of the logarithm of the blue spots formed on leaves bombarded with Bax and TaBI-1 to that with the empty vector and Bax was 3.05 ( Fig. 4D ; Table 1 ). Therefore, TaBI-1 could partially block cell death caused by Bax.
Enhanced susceptibility to Pst after suppressing TaBI-1 expression
To obtain direct evidence for the function of TaBI-1, this study attempted to decrease the transcript level of TaBI-1 using VIGS. First, the recombinant BSMV virus was constructed with the wheat phytoene desaturase gene (PDS), BSMV:TaPDSas and was tested on Su11. The photo-bleaching phenotype was observed when PDS was silenced, which provides a visual indication of the occurrence of gene silencing in the leaves after virus inoculation. The second leaves of Su11 seedlings at the two-leaf stage were inoculated with BSMV:TaPDSas. A similar number of seedlings were also mock-inoculated with a buffer that did not include BSMV. In the BSMV:TaPDSas-inoculated plants, mild chlorotic mosaic symptoms were first visible on the second leaves 9 dpi and exhibited photobleaching symptoms by 15 dpi (Fig. 5A) . In contrast, the leaves in the mock-inoculated wheat plants developed normally during the observation period.
The relative expression levels of wheat PDS gene (TaPDS) in the fourth leaves were estimated by qRT-PCR using specific primers of TaPDS. About 74%, 77%, and 70% of the TaPDS transcripts were suppressed in the BSMV:TaPDSas-inoculated plants than in the BSMV: γ-infected plants at 0, 18, and 48 hpi, respectively, with CYR23, (Fig. 5B) . These results showed that the BSMV-VIGS system could be used for assessing the potential effects of TaBI-1 after silencing its expression. In the following experiments, the recombinant BSMV virus BSMV:TaBI-1as was used to inoculate wheat Su11 leaves as described above. The BSMV:TaBI-1as-inoculated plants also displayed mild chlorotic mosaic symptoms 9 dpi which did not appear to affect further leaf growth (Fig. 5A) . The fourth leaves of the mock-inoculated plants and those infected with the two BSMV constructs, BSMV: γ and BSMV:TaBI-1as, were further inoculated with CY23 or CYR31. As showed in Fig. 5C , conspicuous HR was observed 7 dpi of Pst on the fourth leaves of the seedlings that had been infected with BSMV: γ and BSMV:TaBI-1as, as well as the mock-inoculated (1× FES buffer). Slight sporulation of Pst emerged around the necrotic spots on the fourth leaves of the plants that had previously been infected with BSMV:TaBI-1as at 10 dpi of Pst. The mean number of uredia on each leaf was about 23 (data not shown). Although the phenotype of the BSMV:TaBI-1as-inoculated wheat plants was still considered resistant, the level of resistant was significantly reduced. In contrast, wheat leaves inoculated with CYR31 showed a highly susceptible reaction, i.e. fully compatible phenotype (Fig. 5C) , indicating that silencing TaBI-1 did not alter the susceptible phenotype in the compatible interaction.
Furthermore, TaBI-1 transcripts were detected in the plants after Pst inoculation that had previously been infected with BSMV:TaBI-1as. The transcript level of TaBI-1 was knocked down by 84%, 79%, and 82% in the leaves infected with BSMV:TaBI-1as, compared with that in the BSMV: γ -infected leaves at 0, 18, and 48 hpi, respectively, after inoculation with CYR23 ( Fig. 5B ). About 76%, 70%, and 73% of transcripts were suppressed at 0, 18, and 48 hpi, respectively, in the leaves infected with BSMV:TaBI-1as after inoculation with CYR31 (Fig. 5B) . The silencing efficiency analysis by qRT-PCR indicated that TaBI-1 was significantly knocked down and further confirmed that the phenotype changes observed on the BSMV:TaBI-1asinoculated wheat plants were due to the silence of TaBI-1.
This study also selected some genes involved in pathogenesis-related protein, ROS generation and elimination, and secondary metabolic pathway for the qRT-PCR analysis to determine whether the expression of defence-related genes was altered in wheat leaves in which the expression of TaBI-1 was suppressed after Pst inoculation. As shown in Fig. 6A , the NaCl, high salinity, 200 mM NaCl; PEG6000, drought, 20% PEG6000; Wounding, cutting wheat leaves with a pair of sterilized clean scissors. The mock control was treated with 0.1% (v/v) ethanol solution. Three independent biological replications were performed. Relative gene quantification was calculated by the comparative ΔΔCT method and gene-specific oligonucleotide primers ( Supplementary Table S1 ). Data were normalized to the expression level of the wheat elongation factor TaEF-1a (GenBank accession Q03033). The mean expression values were calculated from three replications. Error bars represent the standard deviation.
transcript accumulations of TaCHS, TaLOX, TaPR2, and TaPAL were reduced significantly at both 18 and 48 hpi with CYR23, while those of TaOXI and TaPR1 were reduced at 18 hpi, but not at 48 hpi and that of TaPR5 was reduced at 48 hpi, but not at 18 hpi. The expressions of TaCAT was significantly induced as early as 18 hpi and the increase reached more than 10-fold of the BSMV: γ-infected controls and the expression of TaPOD increased significantly at 18 hpi (Fig. 6B) .
Histological changes of Pst growth and host response
In order to know why wheat leaves displayed enhanced susceptibility to stripe rust fungus when TaBI-1 was knocked down, this study conducted a microscopic examination of the interactions of the forth wheat leaves to pathotypes CYR23 and CYR31. The time points chosen for evaluation of the hyphal growth and cell death were 18 and 48 hpi, because haustoria start forming and cell death starts occurring in penetrated cells at 18 hpi and hyphal growth starts occurring at 48 hpi (Wang et al., 2007) .
As shown in Fig. 7.1 and Table 2 , hyphal lengths were not statistically different (P > 0.05) for various treatments at 18 hpi. In contrast, hyphae in BSMV:TaBI-1as-infected wheat leaves grew significantly faster (P < 0.001) at 48 hpi ( Fig. 7.2 , Table 2 ) compared with that of mock-inoculated and BSMV: γ-infected plants. The results indicate that knocking down the TaBI-1 transcription in wheat plants facilitates susceptibility in response to avirulent CYR23 infection. Meanwhile, dead cells were clearly observed 48 hpi with avirulent pathotype CYR23 by autofluorescence even though necrotic cells could not be observed at 18 hpi (The hypersensitive reaction could be observed.) Moreover, larger necrotic areas around infection sites were observed in the BSMV:TaBI-1as-infected plants than in the other treatments (mock and BSMV: γ-inoculated wheat plants), but the host cell necrosis ratio did not change significantly between BSMV:TaBI-1as-infected leaves and other treatments ( Fig. 7.2 , Table 2 ). It is likely that TaBI-1 suppression could not completely facilitate the host cells' death and the hyphae of stripe rust pathogen could still grow slowly in the plant cells and enter the neighbour host Barrels l and 2 were physically identical. Half of the replicates were conducted using the configuration of DNA samples indicated, and the other half was conducted with the samples reversed between barrels 1 and 2. In all cases, the mass of DNA in each barrel was identical. Mean ratios were calculated for the numbers of spots produced by each barrel. Geometric averages and SE were calculated from the log ratios obtained from 16 pairs of shots. Indirect ratios were calculated from the two averaged ratios from the experiments indicated by the low case letters. P value for the direct comparison (treatment D) was calculated from the log ratios using the Wilcoxon signed ranks test. P values for the indirect comparisons were calculated from the log ratios using the Wilcoxon rank sum test. A significant P value indicates significant suppression of programmed cell death. EV, Empty vector; NA, not applicable. Fig. 5 . Functional assessment of TaBI-1 in wheat-stripe rust interaction using the BSMV-VIGS method. (A) Wheat leaves mockinoculated with FES buffer; mild chlorotic mosaic symptoms were observed on the fourth leaves of seedlings 9 days post inoculation (dpi) with BSMV:  and BSMV:TaBI-1as and photobleaching was evident on the fourth leaves of plants infected with BSMV:TaPDSas at 15 dpi. (B) Relative transcription levels of TaBI-1 in the fourth leaves of the seedlings infected by the recombinant BSMV viruses BSMV:TaPDSas and BSMV:TaBI-1as using quantitative real-time PCR analysis. RNA samples were isolated from the fourth leaves of the wheat seedlings infected by the recombinant BSMV viruses BSMV: , BSMV:TaBI-1as, and BSMV:TaPDSas at 0, 18, and 48 hpi after inoculation with CYR23 and CYR31. CK, wheat leaves inoculated with BSMV:  and sampled before inoculation with CYR23 or CYR31. Data were normalized to the TaEF-1a expression level. Error bars represent standard deviation among three independent replicates. Relative gene quantification was calculated by the comparative Δ Δ CT method and gene-specific oligonucleotide primers ( Supplementary Table S1 ). (C) Phenotypes of the fourth leaves of wheat plants inoculated with BSMV virus and avirulent CYR23 or virulent CYR31. Mock, Wheat leaves with FES buffer devoid of BSMV virus followed with CYR23 challenging; BSMV: , BSMV:TaBI-1as, symptoms of the fourth leaves infected with BSMV:  or BSMV:TaPDSas, followed by challenging with CYR23 or CYR31 (this figure is available in colour at JXB online). cells to trigger HR or slight cell death, which causes the necrotic areas to extend.
Discussion
This study identified and characterized TaBI-1 as a BAX inhibitor gene in wheat. TaBI-1 expression was induced in the incompatible interaction upon Pst inoculation and abiotic treatments. Importantly, the overexpression of TaBI-1 significantly inhibited the cell death caused by BAX. Furthermore, knocking down the TaBI-1 transcripts could enhance susceptibility to stripe rust. The data showed that the TaBI-1 protein is a potential negative cell death regulator involved in resistance during the interaction of wheat with an avirulent Pst race. At present, BI-1 is considered the best candidate for a conserved 'core regulator' of PCD in plants. Its presence and functional properties in animals, yeasts, and plants suggests that BI-1 is a cell death regulator, which may appear very early in the evolution of eukaryotes and preserved in various organisms. The Fig. 6 . Evaluation of transcriptional changes of resistance-related genes in response to stripe rust infection in wheat seedlings of knocked-down TaBI-1 using quantitative real-time PCR analysis. TaCAT, catalase (X94352); TaCHS, chalcone synthase (TC283305); TaPAL, phenylalanine ammonia lyase (TC294834); TaLOX, lipoxygenase (TC292446); TaPOD, class III peroxidase (TC303653); TaOXI, NADH oxidase (TC340651); PR, pathogenesis-related protein genes (PR1, AAK60565; PR2, DQ090946; PR5, FG618781): sequences were downloaded from http://compbio.dfci.harvard.edu/tgi/cgi-bin/tgi/gimain.pl?gudb=wheat. Leaves infected with mock-inoculated and BSMV-infected seedlings were sampled at 0, 18, and 48 hours post inoculation (hpi) with stripe rust. Data were normalized to the TaEF-1a expression level. Error bars represent the standard deviation among three independent replicates. Relative gene quantification was calculated by the comparative Δ Δ CT method and gene-specific oligonucleotide primers ( Supplementary Table S1 ).
present data support the hypothesis as the TaBI-1 protein had a considerable sequence identity with the human HsBI-1 protein.
Expression of TaBI-1 was detected in all tested wheat tissues, suggesting that its expression is ubiquitous and that it functions as a basal regulator in plants. This finding is in consistent with the reports of ubiquitous expression of plant and animal BI-1 genes observed during tissue development of other plant species (Xu and Reed, 1998; Kawai et al., 1999; Bolduc et al., 2003) .
The relevance of BI-1 gene expression to defence response has recently been studied in Arabidopsis (Sanchez et al., 2000) , barley (Hückelhoven et al., 2001) , and rice (Matsumura et al., 2003) . In Arabidopsis, expression of AtBI-1 is rapidly upregulated during wounding or pathogen challenges (Sanchez et al., 2000) . This induction is observed in both compatible and incompatible interactions between the host plant and pathogen (Pseudomonas syringae) as well as after the inoculation with a non-host bacterium (Escherichia coli). The barley BI-1 gene was induced following inoculation with the powdery mildew fungus (B. graminis), both in the compatible and incompatible interac-tions (Eichmann et al., 2010) . In these studies, the authors proposed that induction of BI-1 might have a secondary defensive role in responding to and containing cell death elicited during a gene-for-gene interaction or wounding. In rice, application of a fungal elicitor from M. grisea to rice cells causes dramatic downregulation of rice BI-1 expression with concomitant progress of cell death, though increased expression is often observed (Matsumura et al., 2003) . Like the previous reports, the present results also prove that the expression of TaBI-1 is upregulated during the wheat-Pst compatible interaction at 18-24 hpi, and is downregulated as early as 18-24 hpi during the incompatible interaction, indicating that TaBI-1 plays a role in HR at an early stage of Pst infection. However, the induction occurring at a late stage (120 hpi) in the incompatible interaction suggests that TaBI-1 should function in the defence response to avirulent Pst infection at the late stage. Thus, it is speculated that the TaBI-1 protein participates in the HR pathway at the early stage of Pst-wheat interaction and functions as a resistant component against the pathogen attack at the late stage. In addition, the expression of TaBI-1 was also rapidly induced upon NaCl treatment, suggesting a ubiquitous role for TaBI-1 in relation to both biotic and abiotic stresses. Similarly, Duan et al. (2010) reported that expression of AtBI-1 was enhanced in response to water stress, and an atbi1-1 mutant accelerated cell death.
In addition to responses to biotic and abiotic stresses, plant BI-1 genes have been reported to have other functions. Overexpression of plant BI-1 genes was found to suppress BAX-mediated cell death in tobacco (Lacomme and Cruz, 1999) , barley (Hückelhoven et al., 2003; Eichmann et al., 2004) , rice (Matsumura et al., 2003) , and Arabidopsis (Kawai-Yamada et al., 2004) . In these studies, the function of BI-1 was hypothesized to suppress the effect of pro-apoptotic factor(s) like BAX in the corresponding organisms. Another study found that expression of A. thaliana BI-1 in a human fibrosarcoma HT1080 cell line induced apoptosis that could be suppressed by co-expression of the caspase inhibitor XIAP (Yu et al., 2002) , which are opposite to the reports described by Kawai-Yamada et al. (2004) . Therefore, these findings showed that A. thaliana BI-1 could function as either pro-survival or pro-death factors in a context-dependent manner. The present data revealed that overexpression of TaBI-1 could block cell death and is similar to most reports that have indicated BI-1 functions as a negative cell death regulator. Therefore, further studies on the activities and functions of BI-1 in plants should help determine whether this type of gene is a true component that modulates cell death.
This study used the knocking-down approach to determine the role of TaBI-1 in pathogen-induced cell death. As expected, necrotic area per infection site was significantly increased at 48 hpi, when TaBI-1 expression was knocked down. The result suggested that the suppression of TaBI-1 transcripts could partially provoke cell death during the wheat-Pst incompatible interaction, but this kind of pro-PCD could not fully restrict fungal hypha within infected host cells, possibly because of other anti-apoptotic factors involved in the incompatible interaction. Moreover, the reduced and enhanced transcript levels of TaBI-1 in the incompatible and compatible interactions at 18-24 hpi, respectively, appeared to coincide with the supposition.
Additionally, the histological observations in the present study showed that the hypha length was dramatically extended when TaBI-1 lost its function in wheat. Based on the observations and the highly increased transcription level of TaBI-1 detected at the late stage of the wheat-Pst incompatible interaction, it is spectulated that TaBI-1 could partially enhance the resistance to the stripe rust fungus during the incompatible interaction. To confirm the changes, this study also studied the expression profiles of some defence-related genes in wheat plants with TaBI-1 knocked down and infected by the avirulent pathotype CYR23. The transcripts of pathogenesis-related genes (PR1, PR2, and PR5) and secondary metabolites (lipoxygenase, chalcone synthase, and phenylalanine ammonia lyase) were significantly reduced in TaBI-1 knocked-down plants. The PR proteins are generally believed as marker genes in hypersensitive responses and are necessary for resistance (Van Loon, 1997; Van Loon and Van Strien, 1999) . Therefore, the reduction of transcripts of PR proteins may contribute to the reduced resistance to the avirulent pathotype. The present results are similar to the previous reports that reduced AtBI-1 levels might contribute to the enhanced susceptibility of Arabidopsis plants to infections by various fungal pathogens (Sanchez et al., 2000; Kawai-Yamada et al., 2009) . In barley, stable transgenic BAX inhibitor-1 show enhanced resistance to penetration by soybean rust fungus Phakopsora pachyrhizi (Hoefle et al., 2009) . Hückelhoven et al. (2001) have also hypothesized that BI-1 induction plays a secondary defensive role following HR or wounding. In contrast, studies on barley BAX inhibitor-1 (HvBI-1) demonstrated that HvBI-1was required for susceptibility of barley to B. graminis f. sp. hordei (Hückelhoven et al., 2003; Eichmann et al., 2006 Eichmann et al., , 2010 . Babaeizad et al. (2009) reported that transgenic barley plants expressing GFP-HvBI-1 were more susceptible to the biotrophic fungus B. graminis f. sp. hordei, but more resistant to the necrotrophic Fusarium graminearum. Hence, these findings suggest that the barley BI-1 protein could function as an interface to regulate cell death during interactions with different kinds of plant pathogens, depending on the dosage of the gene expression. Nevertheless, on the basis of the present results, which are consistent with the above-discussed studies, it is concluded that TaBI-1 contributes to stripe rust resistance at a later stage of infection.
One of the earliest events in HR is a burst of oxidative metabolism leading to the generation of O 2 and the subsequent accumulation of H 2 O 2 (Lamb and Dixon, 1997) . These are mediators for the signal network for defence gene induction and consequent cell death. Oxidative stress also was found to be involved in plant PCD processes (Lamb and Dixon, 1997; Mittler, 2002) . In the present study, the transcriptional suppression of ROS-generating Table 2 . Histological observations of fungal growth and host cell response during the incompatible interaction between wheat and the stripe rust fungus when the transcription of TaBI-1 was suppressed Treatments: Control, wheat leaves inoculated with CYR23; RNA gammab and RNA gammab:TaBI-1as , wheat leaves inoculated with BSMV:  and BSMV:TaBI-1, respectively and then inoculated with Pst pathotype CYR23. Necrotic cell proportions were calculated from the number of dead mesophyll cells in the total number of mesophyll cells observed. Necrotic areas of necrotic mesophyll cells around an infection site were calculated from the length and width of individual necrotic spots. Hyphal lengths were measured from the junction of substomatal vesicle and hypha to the tip of the hypha. Values followed by the same uppercase letter are not significantly different (P = 0.05 according to Tukey's test). a Necrotic cells were not observed, but hypersensitive reaction occurred.
genes and induction of ROS-scavenging genes resulted in the weakening of hypersensitive reaction in the wheat-Pst incompatible interaction. The wheat plants became more susceptible when TaBI-1 was knocked down. In the literature, oxidative stress has been linked to the BAX phenotype. BAX expression disrupts mitochondrial membrane potential, releases ROS, and results in changes to mitochondrial morphology in plants and yeasts (Madeo et al., 1999; Baek et al., 2004; Yoshinaga et al., 2005) .
Although the present study found that the expression of TaBI-1 is connected to ROS, it is not clear how they are related. Further studies of TaBI-1-modulated HR resistance to Pst are needed using transgenic wheat plants. Nevertheless, based on the results of the present study, it is concluded that TaBI-1 contributes to wheat resistance to stripe rust.
